Background. Previous studies have focused on colonization resistance of the gut microbiota against antibiotic resistant strains. However, less research has been performed on respiratory colonization resistance.
Streptococcus pneumoniae infection is responsible for high morbidity and mortality worldwide [1] , and it causes a variety of pneumococcal diseases, such as pneumonia, meningitis, otitis media, and sepsis [2] . There are 2 ways to protect against pneumococcal diseases: one is vaccination, which is the most effective way to prevent disease; the other is the inhibition of colonization at the first step of pneumococcal disease in the respiratory tract [3] . In previous studies, we demonstrated that immunization with an attenuated S. pneumoniae vaccine, Δpep27, confers protection against various pneumococcal serotypes by reducing colonization via immunoglobulin (Ig)A and interleukin (IL)-17A induction [4] . The Th17 response to pneumococcal colonization can prevent adherence of pneumococci on the nasopharynx [5] , and together with IL-17A it inhibits mucosal colonization [6, 7] . Moreover, CD4 Th17-secreted IL-17 leads to recruitment of neutrophils [8] that directly remove infecting bacteria as part of the innate immunity in the lung [9] .
Wnt signals have been studied as a part of the transduction pathways that determine cell fate or regulate cell movement [10] . Wnt signals can be divided into the canonical pathway, which is regulated mainly by β-catenin, and the noncanonical pathway, which is mediated by calcium β-catenin independently in early development [11] . In particular, nuclear factor of activated T cell (NFAT), which is a downstream molecule of the noncanonical Wnt signaling pathway, plays a critical role in T-cell development and the immune response [12] . Moreover, NFAT regulates the accumulation of neutrophils in the lung and during systemic inflammation [13] , indicating that NFAT might be a beneficial target to defend against respiratory infection and sepsis.
When T-cell receptors are stimulated, various transcription factors and cytokines are induced via the entry of calcium into the cytoplasm, including the calcineurin/NFAT pathways [14] ; that is, NFAT binds to the IL17a promoter, followed by induction of IL-17A [12, 15] . In this study, we demonstrated that Δpep27 immunization induced NFAT and, subsequently, IL-17A secretion. Inhibition of NFAT consistently reversed the colonization inhibition by Δpep27 immunization, with reduced IL-17A secretion in the lung. Thus, NFAT-induced IL-17A contributes to the inhibition of colonization effected by Δpep27 immunization.
OD 550 of 0.3 (1 × 10 8 colony-forming units [CFUs]/mL) were incubated and diluted with phosphate-buffered saline for infection or immunization studies.
Streptococcus aureus (American Type Culture Collection [ATCC] 25923) and Klebsiella pneumoniae (ATCC 9997) were purchased from the Korean Culture Center of Microorganisms (Seoul, Korea), and cultured in THY agar supplemented with defibrinated sheep blood at 37°C overnight, then subsequently inoculated to THY broth and incubated at 37°C until the OD 550 reached 0.5.
Ethics Statement
Four-week-old male BALB/c (Orient, Korea) were used in the infection experiments. All animal procedures were approved by the Sungkyunkwan University Animal Ethical Committee and were carried out in accordance with the guidelines of the Korean Animal Protection Law.
Vaccination and Sample Collection
For vaccination, mice were immunized with Δpep27 (1 × 10 7 to 1 × 10 8 CFUs, 10 μL) 3 times every 2 weeks via intranasal route. Seven days after the last immunization, serum, bronchoalveolar lavage fluid (BALF), lung, and spleen were collected [4] .
Cytokine Determination
The concentration of IL-17 in BALF, serum, and splenocytes were determined using an IL-17A enzyme-linked immunosorbent assay kit (BD Biosciences, San Jose, CA), according to the manufacturer's instructions.
Antibody Treatment
For antibody-mediated neutralization, antibodies (Bio X Cell) were administrated via the intraperitoneal (i.p.) route at day +3 and +6 after immunization, with 200 μg of anti-IL-17A or mouse IgG1 antibody as a control [16] . Seven days postimmunization, the mice were treated with antibodies again and subsequently challenged with 2 × 10 8 CFUs of the D39 strain intranasally.
Inhibition of Wnt Signaling
The noncanonical Wnt inhibitor, 11R-VIVIT, was purchased from Tocris Bioscience, and an inactive control, 11R-VEET (RRRRRRRRRRRGGGMAGPPHIVEETGPHVI), was synthesized by Cosmogenetech (Korea). Mice received 10 mg/kg VEET or VIVIT i.p. once daily for 2 days [17] . Samples were collected 6 hours postinjection [17] .
Ribonucleic Acid Isolation
Total ribonucleic acid (RNA) was extracted from lungs using the TRIzol reagent (Invitrogen). The quality of the RNA was determined using an Agilent 2100 bioanalyzer with the RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, Netherlands), and RNA was quantified using an ND-2000 Spectrophotometer (Thermo Inc.).
High-Throughput Sequencing and Transcriptomic Analyses
To construct the sequencing libraries, 500 ng of total RNA was used for complementary deoxyribonucleic acid (cDNA) synthesis. The RNA libraries were then constructed using a SENSE 3′ messenger RNA (mRNA)-Seq Library Prep Kit (Lexogen Inc., Vienna, Austria), according to the manufacturer's protocol. Gene expression was determined by high-throughput sequencing using the Illumina NextSeq 500 system. Differentially expressed genes were selected as those that showed a 2-fold difference (upregulated) or 0.5-fold difference (downregulated) compared with the control. Gene clustering (hierarchical clustering) and heat maps were constructed based on MeV 4.9.0. These experimental and system biology analyses (network, canonical pathway, and regulatory effect) were analyzed using Ingenuity Pathway Analysis, performed by e-Biogen (Seoul, Korea). The gene expression analyses data were deposited in the National Center for Biotechnology Information database (GEO accession number GSE93718) (http://www.ncbi.nlm.nih.gov/ geo/).
Flow Cytometry
Lungs were harvested 1 week after the last immunization, and isolated lung cells were coincubated with a cell stimulation cocktail and protein transport inhibitor cocktail (Invitrogen, Carlsbad, CA). Subsequently, the cells were resuspended in flow cytometry staining buffer (eBioscience) and then stained with a cell surface-specific marker conjugated with a fluorochrome. Fluorescein isothiocyanate-labeled anti-mouse CD4 and phycoerythrin-labeled anti-mouse CD3e were purchased from eBioscience. For intracellular staining, cells stained with the surface marker were fixed and permeabilized with an intracellular fixation and permeabilization buffer set (eBioscience) followed by allophycocyanin (APC)-labeled anti-mouse IL-17A and APC-labeled Rat IgG2a K isotype control (eBioscience). The gating of lymphocytes based on forward versus side scatter was aimed at selecting CD4 + CD3e + cells. The selected CD4 + CD3e + population was further gated for IL-17A + -positive response (Supplementary Figure 1) . Flow cytometry analysis was performed using the BD FACSCanto II (BD Biosciences) using FlowJo version 10.1 software (Flowjo, LLC).
Quantitative Real-Time Polymearse Chain Reaction
Total RNA was isolated from the lung using an RNeasy plus mini kit (QIAGEN, Hilden, Germany), and cDNA was synthesized using EcoDry Premix kit (Takara, Japan). Quantitative realtime polymearse chain reaction (PCR) was performed according to the manufacturer's instructions (Applied Biosystems). The reverse-transcription PCR conditions were as follows: 95°C for 15 seconds, 40 cycles of 95°C for 15 seconds, 55°C for 30 seconds, and 72°C for 30 seconds; followed by melting curve analysis comprising 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15 seconds. The gene-specific primers are Tgfb1 (forward: ATG CTA AAG AGG TCA CCC GC; reverse: TGC TTC CCG AAT GTC TGA CG), IL-6 (forward: CCT CTG GTC TTC TGG AGT AC; reverse: GGA AAT TGG GGT AGG AAG G), and IL-17A (forward: CTC AAG CTC AGC GTG TCC A; reverse: ATC AGG GTC TTC ATT GCG GT), and glyceraldehyde 3-phosphate dehydrogenase (forward: TCC ACG ATG CCA AAG TTG TC; reverse: TGC ATC CTG CAC CAC CAA) served as control.
Hematoxylin and Eosin Staining
Isolated lungs were fixed in 10% neutral-buffered formalin. Sagittally sliced lung samples were embedded with paraffin and cut into 4-μm sections (Histoire, Ansan, Korea). The images of lungs stained with hematoxylin and eosin (H&E) were captured and analyzed by KNOTUS (Guri, Korea).
Statistical Analysis
Comparisons between 2 groups were performed using a MannWhitney U test (nonparametric). Comparisons among groups were made using one-way analysis of variance (Duncan's method, nonparametric). Differences in median survival times between groups were analyzed using the log-rank test. Statistically significant differences were defined as *, P ≤ .05, **, P ≤ .01, and ***, P ≤ .001.
RESULTS

Δpep27 Immunization Induces Interleukin-17A to Protect Against
Streptococcus pneumoniae
Interleukin-17 produced by Th17 cells protects the host from extracellular bacterial infection [6, 18] . To investigate whether Δpep27 immunization could induce the IL-17A response in the lung, high-throughput sequencing of samples from Δpep27-immunized mouse lungs was performed. Hierarchical cluster analysis revealed that Δpep27 immunization upregulated genes related to the Th17 immune response ( Figure 1A ). Reversetranscription PCR analysis confirmed significant induction of transforming growth factor beta 1 (Tgfβ1) and IL-6, which contributed to the differentiation of T cells into Th17 cells and subsequent IL-17A production [19] . In addition, ingenuity pathway analysis showed that the IL-6 in the lung centered for Th17 differentiation in the immune response after Δpep27 immunization (Supplementary Figure 2) . Consistent with the RNA-sequencing data, the IL-17A protein level also increased significantly in serum, splenocytes, and BALF after Δpep27 immunization ( Figure 1B) . Moreover, the population of CD4 + IL-17A + cells in the lung was highly increased in the Δpep27-immunized group compared with that in nonimmunized mice ( Figure 1C ). These results indicated that Δpep27 immunization activated the expression of a variety of genes and proteins related to IL-17A production.
Next, to determine whether Δpep27 immunization-induced IL-17A plays an important role in protection from pneumococcal infection, we performed a colonization experiment after IL-17A neutralization using an anti-IL-17A antibody. Interleukin-17A neutralization markedly decreased the IL-17A level in BALF compared with an isotype control in the Δpep27-immunized group of mice ( Figure 2A ). To confirm whether IL-17A neutralization could reverse the colonization inhibition by Δpep27 immunization, IL-17A was neutralized and then the mice were challenged with D39, followed by colony counting. The results showed that IL-17A neutralization increased the bacterial CFU by approximately 100-and 10-fold in the lung and spleen, respectively, compared with the isotype control group 24 hours postinfection. This indicated that IL-17A neutralization reversed the colonization inhibition by Δpep27 immunization. Moreover, 48 hours postinfection, IL-17A neutralization increased the bacterial CFU by approximately 10 4 -fold in the lung than in the no bacterial CFU by Δpep27 immunization (isotype control) ( Figure 2B ). In addition, the histology of the lung tissue showed increased inflammation predominantly in the bronchioli and alveoli 48 hours postinfection in the nonimmunized group compared with that in the immunized group ( Figure 2C ). Interleukin-17A neutralization showed attenuated neutrophil infiltration and bacterial clearance ( Figure 2B and C) . These results demonstrated that Δpep27 immunization could protect the host from pneumococcal infection using IL-17A to remove bacteria.
Δpep27 Immunization Induces Noncanonical Wnt Signaling
Nuclear factor of activated T cell binds to Rorc (encoding RORγt) and IL17a (encoding IL-17A) promoters, leading to the activation of Th17 responses [12] . Ribonucleic acid-sequencing data in the lung revealed upregulation of noncanonical Wnt genes ( Figure 3 ). Nfatc2/Nfat1 was markedly activated until the second Δpep27 immunization and Calm, encoding calmodulin, as a Ca 2+ effector protein that ultimately leads to activation of NFAT followed by calcineurin-NFAT interaction [20] which showed significantly increased expression ( Figure 3A) . In addition, high-throughput sequencing data showed that 3 Δpep27 immunizations induced noncanonical Wnt pathway ligands such as Wnt4, 5b, 7a, and 7b [21] (Figure 3A) . Thus, Δpep27 immunization induced noncanonical Wnt signaling.
Next, the regulation of NFAT1 and NFAT2 expression by calcium/calcineurin [22] was analyzed to identify whether Δpep27 immunization-induced Wnt signals could activate NFAT expression. Our results showed that the Calcineurin A and NFAT1 induction-dependent Th1 [23] and Th17 cell response [24] were induced, whereas the NFAT2 induction-dependent Th2 cell response [25] was decreased in the lung ( Figure 3B ).
Nuclear Factor of Activated T-Cell Inhibition Reversed Colonization
Inhibition
To verify NFAT-dependent IL-17A secretion, we inhibited NFAT and then checked for impaired IL-17A secretion followed by increased colonization. Mice were treated with an NFAT inhibitor (VIVIT) and the IL-17A level in BALF, and NFAT1 expression and the bacterial CFU in the lung were determined before D39 challenge. The NFAT inhibition diminished (1) IL-17A in BALF and (2) NFAT1 expression and the population of CD4 + IL-17A + cells in the Δpep27 immunization group ( Figure 4A ). Six hours postinfection with D39, NFAT inhibition significantly decreased the IL-17A level in BALF and increased the bacterial load in lung significantly in the Δpep27 immunization group ( Figure 4B ). Consistently, NFAT inhibition 6 hours postinfection with D39 in the Δpep27 immunization group caused an increase in inflammation compared with the inert NFAT control (VEET), as demonstrated by H&E staining of lung tissue ( Figure 4C ). Moreover, even 1 month after the last immunization, the Δpep27 immunization group successfully maintained high IL-17A and NFAT1 levels, and it showed suppressed colonization after D39 challenge. Conversely, NFAT inhibition reversed these results ( Figure 5 ). Thus, activation of noncanonical Wnt signals by Δpep27 immunization could lead to protection against pneumococcal infection by inducing IL-17A at the early stage of infection.
Protective Role of Interluekin-17A Against Other Bacteria via
Noncanonical Wnt Signaling
Interleukin-17A plays a critical role in protection against Grampositive S. aureus and Gram-negative K. pneumoniae [26, 27] . Therefore, if IL-17A provides protection from these bacteria, NFAT inhibition could reverse the colonization inhibition. To test this hypothesis, Δpep27-immunized mice were treated with an NFAT inhibitor and subsequently challenged with either S. aureus or K. pneumoniae, followed by determining the bacterial load. The results revealed that in the Δpep27-immunized group, the NFAT inhibitor (VIVIT) reversed the colonization inhibition back to the level of the nonimmunized group, whereas treatment with the inert NFAT control (VEET) did not increase the bacterial load significantly (Figure 6 ). In the The data are presented as the mean ± standard error of the mean. The significance of the differences was analyzed by the Mann-Whitney U test; ***, P < .001, **, P < .01, and *, P < .05 compared with the nonimmunized group.
Δpep27 immunization group, VIVIT treatment increased the bacterial CFUs by approximately 2-fold and 4-fold compared with those in the VEET-treated control group 6 hours after K. pneumoniae and S. aureus infection, respectively ( Figure 6 ). Consistently, NFAT inhibition decreased the IL-17A level significantly in BALF after challenge with either K. pneumoniae or S. aureus ( Figure 6 ). These results demonstrated that IL-17A provides protection from these bacterial colonization. Thus, IL-17A downregulation by NFAT abolishment reverses the colonization inhibition induced by Δpep27 immunization, resulting in higher susceptibility to bacterial infection, such as by S. pneumoniae, K. pneumoniae, and S. aureus. However, 1 month after the last Δpep27 immunization, lung cells were not protected against K. pneumoniae and S. aureus infection and showed marginal increase in IL-17A level after bacterial challenge (Supplementary Figure 3) .
DISCUSSION
Antibiotic treatment results in the clearance of susceptible intestinal microbiota and increases new infections, especially with antibiotic-resistant strains. Thus, re-establishment of a normal microbiota and subsequent colonization resistance against antibiotic-resistant infections is deemed to be a highly feasible way to eliminate potential pathogens from the intestine [28] [29] [30] . Therefore, intervention to prevent bacterial colonization or induce colonization resistance could protect against colonization by potential pathogens. The number at the left-bottom corner represents the inflammation score. The significance of the differences was analyzed by analysis of variance; ***, P < .001, **, P < .01, and *, P < .05 compared with the nonimmunized group.
Bacterial colonization in respiratory organs, such as the nasal cavity and lung, precedes diseases and occasionally results in sepsis and meningitis [31] . The first stage of respiratory infection is colonization of the nasal and pulmonary cavity; therefore, treatments should aim to reduce bacterial colonization. In a recent study, nasal colonization resistance to S. aureus was demonstrated using antibiotic-producing Staphylococcus lugdunensis strains [32] . However, antibiotic-producing strains might increase antibiotic resistance and would not be feasible for clinical implementation. An attenuated strain of Bordetella pertussis vaccine could prevent respiratory syncytial virus infection in an IL-17-dependent manner [33] . Thus, from a practical viewpoint, there is incomplete information on intranasal or respiratory resistance to respiratory bacterial colonization because of nonavailability of specific tools and methods for respiratory intervention.
In the present study, we demonstrated that Δpep27 immunization could provide resistance to respiratory colonization via induction of IL-17A. Th17-deficient cells are highly vulnerable to mucosal infections by pathogens such as S aureus, Haemophilus influenzae, and S. pneumoniae [34] , signifying the important role of the Th17 immune response in natural immunity. Moreover, the Th17-dependent mucosal response provides protection in the lung against Mycobacterium tuberculosis infection [35] . Interleukin-17, produced by Th17, recruits the inflammatory cells and induces the proinflammatory mediators that are required to defend against bacterial infection in the lung [18] . Immunization with the fibrinogen-binding domain of ClfA induced IL-17A and protected against S. aureus infection by enhancing neutrophil infiltration [36] . Moreover, in human lung epithelial cells, IL-17A was required for the induction of mucins and defensin-2 [37, 38] . As an antimicrobial peptide, β-defensin provides innate immunity by blocking bacteria at epithelial surfaces [39] . It is interesting to note that the RNA-sequencing data revealed a marked increase in β-defensin 1 (DefB1) mRNA expression after Δpep27 immunization ( Figure 1A) . Reduced IL-17A production was accompanied by a higher pneumococcal nasopharyngeal carriage compared with a high concentration of IL-17A [40] . Moreover, in infection-prone subjects, Th17-promoting cytokines rescued the reduced Th17 response to S. pneumoniae [41] . Indeed, Δpep27 immunization with neutralization of IL-17 reversed the colonization inhibition in the lung (Figure 2 ), suggesting that Δpep27-induced IL-17A plays a critical role in protection against pneumococcal infection.
Wnt signaling is responsible for proliferation, differentiation, and migration. Moreover, activation of noncanonical Wnt signaling in the lung is critically important to maintain lung 
NFATc1/NFAT2 * * The data are presented as the mean ± standard error of the mean. The significance of the differences was analyzed using the Mann-Whitney U test; ***, P < .001, **, P < .01, and *, P < .05.
homeostasis [42] . Wnt stimulation by microbial infection has been linked to enhancement in bacterial phagocytosis; however, it promotes intracellular survival of bacteria [43] and downregulates the inflammatory response against Salmonella or Mycobacterium [44] . In contrast, Toxoplasma infection upregulates proinflammatory cytokines via Wnt signaling [45] . Moreover, activation of NFAT upregulated COX-2 and IL-6 levels, which contribute to the host defense and innate immune response at the early stage of pneumococcal infection [46] . Nuclear factor of activated T cell has been studied as a transcription factor that binds to the Rorc (encoding RORγt) and IL17a promoters [12] ; therefore, we postulated that an increase in IL-17A production could be ascribed to NFAT activation. Indeed, noncanonical Wnt ligands were activated, and subsequently the expression of NFAT1 significantly increased the production of IL-17A [24, 47] , which was significantly increased in the lung by Δpep27 immunization ( Figure 3B ). However, the expression of transcription factor 7 (TCF7), which is mainly induced by the canonical Wnt signaling pathway, showed no significant changes compared with the nonimmunized group (Supplementary Figure 4) . In addition, RNA-sequencing data ( Figure 3A ) revealed that Δpep27 immunization highly induced CamKII (also designated as CamKIIb, Sequence ID: NC_000007.14), a negative regulator of β-catenin [48] , suggesting that Δpep27 immunization does not induce canonical Wnt signaling. Recent data demonstrated that noncanonical WNT signaling inhibits canonical WNT signaling [49] . Thus, as with the noncanonical Wnt pathway, whether the canonical Wnt signal could also contribute to the protection against pneumococcal infection needs to be verified in the future. When NFAT expression was blocked by an NFAT inhibitor, IL-17A induction was significantly decreased ( Figure 4A ). Moreover, NFAT inhibition in the Δpep27-immunized group increased the colonization of S. pneumoniae to a level comparable to that of the nonimmunized group at 1 week and 1 month postimmunization ( Figures 4B and 5A and B) . These results suggested that Δpep27 immunization activates NFAT and subsequently induces IL-17A, thereby impairing colonization. Moreover, other studies demonstrated that inhibition of NFAT decreased neutrophil activity and, subsequently, increased renal susceptibility and bacterial CFUs in the kidney after uropathogenic Escherichia coli infection [50] . Thus, NFAT and IL-17A (C) Hematoxylin-eosin staining of lung tissue before or after D39 infection was shown at 10× magnification. Scale bar, 100 μm. The arrow denotes neutrophils in aveoli or bronchioles. The number at the left-bottom corner represents the inflammation score. The data are presented as mean ± standard error of the mean. The significance of the differences was analyzed by analysis of variance (ANOVA); ***, P < .001, **, P < .01, and *, P < .05.
activation by Δpep27 immunization likely enhances phagocytosis of neutrophils, which has been confirmed in our previous study [4] and could result in impaired colonization. Furthermore, IL-17A also plays an important role in protection against K. pneumoniae and S. aureus [26, 27] . We were surprised to find that both K. pneumoniae and S. aureus CFUs in the lungs of the immunized mice were significantly decreased compared with those in the lungs of the nonimmunized mice. Moreover, NFAT inhibition reversed the colonization inhibition of both K. pneumoniae and S. aureus in the lungs at 1 week postimmunization ( Figure 6 ). A reduced IL-17A level resulted in greater colonization, suggesting that IL-17A induction is a nonspecific critical protective mediator against bacterial colonization in the lung and that NFAT could augment IL-17A production.
CONCLUSIONS
In the present study, we demonstrated that Δpep27 immunization induced IL-17A production, which contributes to protect the lung from infectious agents by reducing colonization significantly. In addition, Δpep27 immunization induced noncanonical Wnt signaling, which can lead to induction of IL-17A. These results suggested that IL-17A responses via the noncanonical Wnt signaling pathway after Δpep27 conferred efficient protection on mice by reducing the bacterial CFU. The protective effect of Δpep27 immunization against respiratory infectious agents could attenuate or impair bacterial infection in hospitalized or immunocompromised people and provide highly feasible nonspecific preventive measures.
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